Here we report the solid phase synthesis and characterization (LC-ESIMS, CD) of a cationic nucleobasecontaining a-peptide, composed of both L-arginine residues and L-lysine-based nucleoamino acids sequentially present in the structure. The binding properties of this novel basic nucleopeptide towards nucleic acids were investigated by CD spectroscopy which revealed the ability of the thymine-containing oligomer to bind both adenine-containing DNA (dA 12 ) and RNA (poly rA) molecules inducing high conformational variations in the nucleic acid structures. Moreover, the artificial oligonucleotide inhibited the enzymatic activity of HIV reverse transcriptase, opening the door to the exploitation of novel antiviral strategies inspired to this molecular tool.
Introduction
Numerous investigations have shown that the sugarphosphodiester backbone of the nucleic acids can be variously modied leading to synthetic oligomers still able to recognise complementary DNA and RNA tracts. [1] [2] [3] In this regard, different examples of peptide-based analogues of nucleic acids (including nucleopeptides) are reported in literature, some of which present a good cell-membrane permeability together with a good affinity towards natural nucleic acids. 4 Besides their ability to interact with nucleic acids, other properties of nucleobase-containing peptide-like molecules are known, e.g. the possibility to realise supramolecular assemblies formed also in association with heteroaromatic molecules, 5, 6 the antigene activity, 7 as well as the modulation of the expression and function of noncoding RNAs. 8 Among the many oligonucleotide mimics, positively-charged peptide-like analogues are characterized by a good specicity in binding DNA sequences accompanied by a remarkable cellpermeability. [9] [10] [11] On the other hand, real a-peptide backbones can be employed as alternative oligonucleotide linkages leading to chiral nucleopeptides 12, 13 and among the many examples of peptide-like DNA mimics, some analogues having long spacers carrying DNA nucleobases were found able to bind oligonucleotides with high sequence specicity. 14, 15 With respect to other building blocks used for the realization of articial nucleopeptides, diamino acids offer easy synthetic routes for decorating with nucleobases the main peptide backbone, realisable by simple oligomerization of the diamino acid units also in combination with other amino acid residues.
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Among the nucleic acids of biomedical relevance targeted by oligonucleotide mimics, poly rA tail has recently emerged as a good candidate in anticancer strategies. The poly rA tail, present in all eukaryotic mRNAs (as well as in some prokaryotes), is a polyadenylic chain of about 200 residues elongated by the enzyme poly(A) polymerase (PAP), able to confer stability to mRNAs, as well as to regulate the overall translation process. The poly rA tail length is inuenced by the deposition onto mRNAs of nucleophosmin, a protein able to recognize Gquadruplex-forming nucleic acids, 19 whose overexpression is associated with poor prognosis in cancer. 20 The discovery that a specic neo-PAP is overexpressed in some human cancer cells suggests the importance of anticancer strategies having poly rA as a malignancy-specic target. [21] [22] [23] Interesting interaction studies relative to the binding of synthetic compounds, both small organic molecules and nucleopeptides, with poly rA, are described in literature.
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Here, we investigated the binding properties towards poly rA RNA, as well as towards a complementary DNA, of a cationic nucleo-a-peptide based on an arginine-lysine backbone carrying thymine nucleobases; nevertheless, the inhibitory activity respect to HIV reverse transcriptase (RT), the enzyme involved in the conversion of genomic viral RNA into proviral DNA, was explored, in analogy with our previous reports on both a basic oligopeptide containing diamino acid residues 29 and an uncharged nucleo-a/3-peptide, 30 which inhibited the RT in a dose-dependent manner.
Results and discussion
Solid phase synthesis of the cationic nucleopeptide Recently, we described the synthesis of a new thymine nucleoamino acid, suitably protected for solid phase peptide synthesis (Fmoc chemistry), and its oligomerization to a hexathymine nucleopeptide, obtained by alternating thyminebearing lysines and unmodied L-lysine units in the sequence. 31 This basic nucleopeptide was found well soluble in aqueous solution, as well as able to bind both complementary DNA and RNA strands. 26 In continuation with our previous studies, we present here the synthesis of another cationic nucleopeptide containing as repeating unit a dipeptide made of L-arginine and thyminyl-L-lysine. The synthesis of the oligomer was realised by coupling in alternate manner a commercially available monomer (i.e. Fmoc-L-Arg(Pbf)-OH) and the thyminebearing Fmoc-protected L-lysine, synthesised as previously described by us in literature. 31 A dodecapeptide was assembled by solid phase peptide synthesis in analogy with previous reports 31,32 by using the above-mentioned monomers and PyBOP/DIEA in NMP as coupling system (overall yield ¼ 75%, based on Fmoc UV-measurements, Scheme 1). The obtained oligomer (1) was deprotected and cleaved from the solid support by acidic treatment and puried by RP-HPLC on a C-18 column with a linear gradient of CH 3 CN (0.1% TFA) in H 2 O (0.1% TFA).
LC-ESIMS characterization (positive ions) conrmed the identity of the nucleopeptide (Fig. S1 †) which was obtained, aer HPLC purication, in 55% overall yield, as estimated by UV measurements at 260 nm. This compound showed a good solubility in water and no detectable tendency to aggregate at the concentrations explored in this study.
CD conformational studies
The structural characteristics of nucleopeptide 1 were investigated by means of CD spectroscopy. First of all, we analysed the CD prole of the cationic oligomer in order to evaluate some pre-organization of the molecule in the adopted experimental conditions: no signicant a-helical contribution was detected in the CD spectrum of 1 (Fig. S2 †) .
Aer this rst analysis, we studied the CD behaviour of the nucleopeptide by varying the temperature, and more in detail, we recorded different CD spectra for a 2 mM solution of 1 in the 210-320 nm range at different temperatures: an overall decrease of the CD signal and particularly of the band at about 216 nm was observed upon increasing the temperature from 5 to 85 C (Fig. 1 ). This behaviour can be ascribed to conformational changes that the nucleopeptide experiences intramolecularly, or to the perturbation of possible supramolecular assemblies given by multiple nucleopeptide units, whose super-structure could be subjected to modications upon heating. However, these hypotheses need to be conrmed with further studies.
Scheme 1 Solid phase synthesis of oligomer 1.
CD binding studies with nucleic acids
The rst biological property of our articial oligonucleotide which we were interested in investigating was its ability to bind nucleic acids. Since the sequence with which it was built up contains only thymine bases, we used for our experiments DNA and RNA molecules with homoadenine sequences. More in detail, a rst CD binding assay was performed with a dA 12 DNA by using a tandem cell: 16 nmol in nucleobase (T) of nucleopeptide 1 and 8 nmol in nucleobase (A) of dA 12 DNA, both dissolved in 10 mM phosphate buffer (pH ¼ 7.5), were introduced separately in the two reservoirs of a dual chamber quartz cell (tandem cell), and the sum CD spectrum was initially recorded at 5 C (Fig. 2a, black line) . The thymine-based oligomer gave a contribution to this CD spectrum very weak in comparison to the signal of the homoadenine DNA single strand. Aer mixing the solutions of the two components, another CD spectrum was recorded monitoring the stabilization of the signal (which occurred aer about 20 min): a signicant difference between the sum and mixing CD spectra was observed in both shape and intensity of the spectroscopic proles, revealing an interaction between the nucleopeptide and DNA with a remarkable structural reorganization (Fig. 2a , red line). In order to ascertain if this DNA/nucleopeptide binding was base-pairing-driven and not only due to possible electrostatic interactions, we performed an analogous experiment by using a dT 12 DNA strand which was, thus, non-complementary to the homothymine nucleopeptide. Contrarily to the previous binding assay, upon mixing the solutions of 1 and dT 12 we found only a variation of the intensity of the CD spectrum, probably attributable to the ionic interactions occurring between the negatively-charged DNA and the basic nucleopeptide, without any signicant change in the prole of the spectrum (Fig. 2b) . Instead, the differences observed between the sum and mixing CD spectra in the experiment with dA 12 , involving not only changes in signal intensities but also the appearance of new CD bands, accounted for the contribution of both electrostatic and nucleobase-pairing effects. These observations suggested that the articial nucleopeptide interacted with the complementary nucleic acid via recognition between the complementary nucleobases, and not only through ionic interactions, which are however present as expected.
In order to further explore the interaction of the nucleopeptide with DNA, UV melting experiments on the 1/dA 12 (2 : 1 in T/A ratio) complex were performed. In the melting curve, reported in Fig. 3 , two cooperative transitions with melting temperatures of about 34 and 72 C were evidenced denoting the probable formation of a triplex structure containing T $ A Â T triplets. A higher thermal stability with respect to a classical (dT 6 ) 2 dA 12 , but also (dT 12 ) 2 dA 12 , natural DNA triplex was observed. Furthermore, the ability of the t 6 -nucleopeptide to bind a complementary RNA was investigated by CD in analogy to the procedure employed in the case of DNA. In particular, we (8 nmol in A) in 10 mM phosphate buffer (pH ¼ 7.5, 2 ml overall volume) before (sum CD spectrum, black line) and after mixing (mixing CD spectrum, red); (b) t 6 -nucleopeptide (16 nmol in T) + dT 12 (8 nmol in T) in 10 mM phosphate buffer (pH ¼ 7.5, 2 ml overall volume) before (sum CD spectrum, black line) and after mixing (mixing CD spectrum, red).
evaluated its possible interaction with poly rA, a RNA suggested as molecular target for anticancer approaches 23 whose synthetic binders have gained a great importance in view of their potential employment in cancer therapy. In our poly rA-binding experiment, 16 nmol in nucleobase (T) of nucleopeptide and 8 nmol in nucleobase (A) of poly rA, both dissolved in 10 mM phosphate buffer pH ¼ 7.5, were introduced separately in the two cell chambers, and the sum CD spectrum was recorded at 5 C (Fig. 4a, black line) . Aer mixing the two solutions, the obtained CD spectrum (mixing, red line, Fig. 4a ) showed a drastic change in both shape and intensity of the bands with respect to the sum spectrum revealing strong interactions of 1 with poly rA evidenced by signicant variations of the RNA conformation aer the nucleopeptide binding. On the other hand, by conducting the same binding experiment on solutions of 1 and poly rU (used as control), no relevant variation in the CD prole before and aer mixing in the tandem cell was observed (Fig. 4b ), but only a slight reduction of the intensity of the bands, probably due to the electrostatic contribution to the interaction occurring between the anionic RNA and the cationic nucleopeptide, was found. This difference suggested also in this case that the interaction between the articial nucleopeptide and the RNA is base-pairing-driven, and not only due to the electrostatic attraction between the strands.
It seems interesting that the nucleopeptide has a stronger effect in modifying the structure of the complementary RNA than DNA (compare the difference between the sum and mixing CD spectra of Fig. 2a and 4a ), but the complexes formed with both DNA and RNA are structurally similar as evidenced by the corresponding CD spectra (mixing spectra) overlapped in Fig. 5 .
With the aim to obtain also quantitative information on the binding between the nucleopeptide and DNA or RNA, we performed CD titration experiments in which increasing amounts of oligomer 1 were added to solutions of the natural nucleic acids (dA 12 or poly rA) (Fig. 6a and b) . These experiments indicated in both cases the formation of multimeric complexes in which multiple nucleopeptide units bound the DNA or RNA targets. A certain stabilization of the CD signal was observed in correspondence of 2.5 (for the DNA) or 2 (for the RNA) equivalents in base of nucleopeptide ( Fig. 6c and d) suggesting the formation of complexes with a T/A ratio of 2.5 or 2 in case of dA 12 and poly rA, respectively. From the analysis of the data deriving from the titration experiments (see also Fig. S3 in the ESI materials †), it was also evidenced that the structure of dA 12 was perturbed starting from 1.5 eq. in T nucleobase of 1, whereas poly rA drastically changed already at 0.5 eq.
By comparing the nucleic acid-binding properties of nucleopeptide 1 with those of its analogue containing lysines in place of arginine residues, recently synthesized by us, 26 we observed structural similarities in the complexes formed between the two homothymine nucleopeptides and poly rA, whereas quite different structures of the complexes with dA 12 were evidenced, as it can been denoted on the basis of the CD proles. Moreover, a higher electrostatic contribution to the binding to dA 12 was detected in case of nucleopeptide 1.
HIV-RT inhibition studies
The biological activity of 1 was then tested by an in vitro assay aimed to investigate its ability to interfere with HIV reverse- 6 nucleopeptide (16 nmol in T) + poly rA (8 nmol in A) in 10 mM phosphate buffer (pH ¼ 7.5, 2 ml overall volume) before (sum CD spectrum, black line) and after mixing (mixing CD spectrum, red); (b) t 6 -nucleopeptide (16 nmol in T) + poly rU (8 nmol in U) in 10 mM phosphate buffer (pH ¼ 7.5, 2 ml overall volume) before (sum CD spectrum, black line) and after mixing (mixing CD spectrum, red). (Fig. 7) . In particular, when compared with the assay performed in the absence of 1 (lane 3, positive control, Fig. 7 ), the reduction of the transcription was quantied as about 60% in the presence of 3.8 pmol of 1 (1 : 0.06 ratio; lane 5 of Fig. 7) , reaching the complete inhibition with 15.1 pmol (1 : 0.25 ratio, lane 6).
Enzymatic stability studies
Finally, enzymatic stability of the nucleopeptide was studied by incubating 1 (14 mM) in 94% fresh human serum at 37 C and analysing by RP-HPLC samples withdrawn from the reaction mixture at various times (Fig. 8) . Interestingly, serum stability assay denoted how the substitution of -NH 3 + moieties of the nucleopeptide presented in our recent work 26 by guanidinium groups resulted in a lower enzymatic stability of oligomer 1 with respect to the previous nucleobase-bearing oligolysine strand. We hypothesise that guanidinium groups confer to the nucleopeptide a greater affinity towards the proteases and thus, provoke a faster degradation of the compound that, anyway, showed a half-life comparable to that of small unmodied peptides.
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The here-presented nucleopeptide 1 resembles the wellknown peptide nucleic acids (PNAs) described for the rst time by Nielsen. 34 However, differently from PNAs, that have a pseudo-peptide backbone based on a repeated 2-aminoethylglycine moiety, our oligomer is based on an a-peptide skeleton composed of natural amino acids. Some limits of classical PNAs, such as the scarce solubility in water, as well as the consequent tendency to aggregate, is overcome in our case thanks to the guanidinium moieties which confer to the overall structure a good water solubility. 
Experimental section

Chemicals and materials
PyBOP and Fmoc-L-Arg(Pbf)-OH were purchased from Novabiochem. Anhydroscan DMF and NMP were from LabScan. Piperidine was from Biosolve. Solvents for HPLC chromatography and Ac 2 O were from Reidel-de Haën. Poly rA, TFA and Rink-amide resin were Fluka. DCM, DIEA and TFA (for HPLC) were from Romil. TIS, human serum and poly rU were SigmaAldrich, whereas dT 12 and dA 12 DNA was Biomers.
Apparatus
HPLC analyses were performed on a Hewlett Packard/Agilent 1100 series, equipped with a diode array detector, by using a Phenomenex Jupiter C18 300 A column (5 mm, 4.6 Â 250 mm) and a ow rate of 0.8 ml min À1 . Elution was performed at 25 C (monitoring at 260 nm) by building up a gradient starting with buffer A (0.1% TFA in water) and applying buffer B (0.1% TFA in acetonitrile). Circular dichroism (CD) spectra were recorded on a Jasco J-810 spectropolarimeter, whereas ultraviolet (UV) spectra were recorded on a UV-Vis Jasco model V-550 spectrophotometer equipped with a Peltier ETC-505T temperature controller using a 1 cm or a (2 Â 0.4375) cm Hellma quartz cells. Oligomer 1 were quantied measuring the UV absorbance (l ¼ 260 nm) of its solutions at 85 C, using the molar extinction coefficient calculated for the unstacked strand. Crude sample containing the nucleopeptide was centrifuged for 4 min at 4000 rpm (Z 200 A, Hermle). Products were analysed by LC-ESIMS, performed on an MSQ mass spectrometer (ThermoElectron, Milan, Italy) equipped with an ESI source operating at 3 kV needle voltage and 320 C, and with a complete Surveyor HPLC system, comprising an MS pump, an autosampler, and a PDA detector, by using a Phenomenex Jupiter C18 300 A (5 mm, 4.6 Â 150 mm) column. Gradient elution was performed (monitoring at 260 nm) by building up a gradient starting with buffer A (0.05% TFA in water) and applying buffer B (0.05% TFA in acetonitrile) with a ow rate of 0.8 ml min À1 .
Semi-preparative purication was performed by RP-HPLC on a Hewlett Packard/Agilent 1100 series, equipped with a diode array detector, by using a Phenomenex Jupiter C18 300 A (10 mm, 10 Â 250 mm) column. Gradient elution was performed at 25 C (monitoring at 260 nm) by building up a gradient starting with buffer A (0.1% TFA in water) and applying buffer B (0.1% TFA in acetonitrile) with a ow rate of 4 ml min À1 . Samples containing nucleopeptides (crude or puried), were lyophilized in a FD4 Freeze Dryer (Heto Lab Equipment) for 16 hours.
Solid phase synthesis of nucleopeptide 1
Oligomer 1 was assembled on Rink-amide MBHA resin (0.50 mmol g À1 , 8.0 mg, 4 mmol) using the synthetic strategy described in Scheme 1, starting from a nucleoamino acid monomer prepared as described in literature. 31 More particularly, aer Fmoc removal from the resin (by treatment with 25% piperidine in DMF for 30 min), a mixture of (i) Fmoc-LLys(TCH 2 CO)-OH (120 ml of a 0.1 M solution in NMP, 12 mmol, 3 eq.), PyBOP (76 ml of a 0.16 M solution in NMP, 12 mmol, 3 eq.) and DIEA (4 ml, 24 mmol, 6 eq.), or alternatively (ii) Fmoc-LArg(Pbf)-OH (182 ml of a 0.13 M solution in NMP, 24 mmol, 6 eq.) with PyBOP (152 ml of a 0.16 M solution in NMP, 24 mmol, 6 eq.) and DIEA (8 ml, 48 mmol, 12 eq.) was introduced in the reactor and stirred at room temperature. Aer 20 min the liquid phase was removed from the resin which was washed with DMF, and, subsequently, unreacted amino groups were capped by treatment with Ac 2 O (20%)/DIEA (5%) in DMF for 15 min. Fmoc group was then removed by treatment with 25% piperidine in DMF for 15 min. The above-described procedure for the sequential introduction of the underivatized arginines and thyminil-lysines was repeated 12 times (overall yield based on Fmoc-UV-measurements was of 75%). Deprotection and cleavage from the resin of the nucleopeptide was performed by treatment with 1.5 ml TFA/TIS/H 2 O (95%/2.5%/2.5%) for 90 min, followed by the addition of 1 ml DCM and 0.5 ml TFA leaving the reaction with stirring for further 90 min. Aer removing the resin by ltration and reducing the amount of TFA/DCM on the ltrate by N 2 stream, precipitation with cold diethyl ether, solubilisation in milliQ H 2 O and lyophilisation of the crude were performed. The nucleopeptide was then puried by RP-HPLC using a linear gradient of 10% (for 5 min) to 30% B in A over 30 min: t R ¼ 20.0 min. Aer lyophilisation, the puried product was dissolved in a known amount of milliQ water and quantied by UV measurements at 260 nm giving 2.2 mmol of 1 (55% yield); the compound was $95% pure by HPLC analysis. The epsilon value used for the quantication of the oligomer (51 600 M À1 cm À1 ) was calculated by the molar extinction coefficient of the thymine PNA monomer (8600 M À1 cm À1 CD studies CD spectra were recorded in the 210-320 nm wavelength range using a (2 Â 0.4375) cm Hellma dual-chamber quartz cell. CD spectra were obtained by using the following parameters: scan speed 50 nm min À1 , data pitch 2 nm, band width 2 nm, response 4 s, 5 accumulations.
Cell culture
HeLa cell lines (ATCC, USA) were grown in RPMI1640 medium supplemented with 10% fetal bovine serum (FBS), 1% glutamine, 100 U ml À1 penicillin and 100 mg ml À1 streptomycin (Euroclone, Italy) at 37 C in humidied air with 5% CO 2 .
RT-PCR
Total RNA was extracted from the cellular lysate by using Trireagent™ (Sigma Aldrich, S. Luis, MO) following the manufacturer's instructions. Reverse transcription was performed using 0. 
Human serum stability assay
The serum stability assay was performed following a procedure already reported by us in literature. 35, 36 HPLC analyses of the samples withdrawn from the incubation mixture of the peptide in fresh human serum at 37 C (detection at 260 nm) were obtained on a Hewlett Packard/Agilent 1100 series, equipped with a diode array detector, by using a Phenomenex Jupiter C18 300 A column (5 mm, 4.6 Â 250 mm).
Conclusions
In conclusion, in this work we have described the synthesis and characterization of a novel nucleobase-modied peptide (1) containing six thymine-bearing lysines and six unmodied Larginine units. This basic nucleopeptide is well soluble in water and does not present any tendency to self-aggregate. Furthermore, CD characterization of 1 suggested that the homothymine oligomer does not undergo any helical preorganization under our experimental conditions. CD binding experiments showed that nucleopeptide 1 is able to interact with complementary DNA and RNA molecules in a 2 : 1 T/A stoichiometric ratio. As expected, the binding is due to both basepairing effects and electrostatic interactions occurring between the cationic guanidinium moieties of 1 and the negative phosphate groups present in the nucleic acid structures. By comparing the properties of nucleopeptide 1 with its analogue, recently synthesised by us, in which underivatized lysines residues replaced arginines, we observed the following features: (1) a reduced serum stability of 1 due probably to its greater affinity for proteases conferred by the guanidinium moieties, (2) different structures of the complexes of the two homothymine nucleopeptides with DNA dA 12 , with a higher degree of electrostatic contribution to the binding in the case of 1, (3) similar structures of the complexes of the two nucleopeptides with poly rA. Furthermore, in vitro biological assays evidenced that oligomer 1 acted as an inhibitor of HIV-RT, an enzyme which represents a fundamental drug target for anti-HIV therapies. Taken together, all these ndings encourage further biological studies on the basic arginine-rich nucleopeptide, especially in the eld of antiviral therapy. Thus, we plan (1) to radiolabel this nucleopeptide in view of future in vivo investigations based on the detection of the effects of this potential anti-HIV drug in animal models similarly to previous reports, 37 (2) to assemble analogues of nucleopeptide 1 containing also the other nucleobases, especially guanines in order to explore also the possibility for this articial oligomer to form G-quadruplex structures, very stable and efficient drug-candidates in many therapeutic strategies. 38, 39 
